Abstract
Introduction

27
In the atmosphere, HO2 and OH radicals (OH + HO2 = HOx) are closely coupled via several In Scheme 1, the reaction of alkoxy radicals with molecular oxygen is a major route to HO2 37 formation; however, this is not the only significant HO2 formation process; for example, in the 38 atmospheric oxidation of n-butanol, HO2 can be formed via two different mechanisms. Abstraction 39 by OH at the α position leads to a radical which reacts with oxygen to directly produce HO2 (R1a, 
52
The importance of HO2 chemistry is not limited to atmospheric processes; HO2 is a key pressures of combustion processes is therefore also of interest. In low-temperature combustion,
59
HO2 formation is a chain inhibition process, with OH reformation a chain propagating or chain 60 branching process. The ratio of chain branching to chain inhibition processes is often the 61 controlling factor in modelling ignition delay times (Agbro et al., 2017) . High temperatures and
62
concentrations of oxygen may be required to convert atmospheric processes, which take several 63 10s of seconds at ambient temperatures (and hence may be influenced by surface chemistry or 64 secondary reactions) to the milli-or microsecond timescale where they can be studied by flash 65 photolysis techniques without such interferences (Medeiros et al., 2018) .
66
Direct measurements of HO2 rely on absorption techniques, and kinetic information on
67
HO2 reactions has been determined mainly using absorption spectroscopy. This can be achieved for HO2 provide sufficient absorption cross-sections for study (Jemialade and Thrush, 1990 ) but 76 suffer from severe pressure broadening, reducing sensitivity under the conditions relevant to 77 atmospheric and combustion systems (Thiebaud and Fittschen, 2006 
105
The current paper describes a significant development on our earlier FAGE based 106 instrument for time-resolved OH detection (Stone et al., 2016) . In this improved system, laser flash 107 photolysis in a high pressure (up to 5 bar), temperature controllable (300 -800 K) reactor (shown 108 in Figure 1 ) generated radicals which were then sampled through a pinhole forming a jet within more rotational levels) and O2 concentrations (due to quenching). Sampling into the low-pressure 114 region reduces both the effect of collisional quenching and temperature on the sensitivity of LIF 115 detection, although there is a reduction in the number density of the HOx species in the expansion.
116
We report the adaptation of our time-resolved OH-FAGE instrument to allow HO2 detection, the Reactions were carried out in a high pressure (0.5 -5 bar) reaction cell which is described in by measuring the highly temperature sensitive OH and methane rate coefficient, using the 141 temperature dependence reported by (Dunlop and Tully, 1993) . A more detailed description of 142 this method is described within instrument characterization (Section 3.4). In the first low pressure detection cell, the OH was probed within the jet expanded gas,
174
close to pinhole (<5 mm), perpendicular to the gas flow. The OH was detected by off-resonance fluorescence allowed the use of a filter (308 ± 5 nm, Barr Associates) before the photomultiplier
180
(Perkin-Elmer C1943P) to remove scattered light and improved the signal to noise ratio.
181
A delay generator (BNC DG535) was used to vary the delay between the photolysis and black curve, gave a formation rate coefficient, kHO2,2nd = (1080 ± 150) s -1 (2 σ error).
233
Fits to the HO2 formation traces and OH loss traces from the second cell generated kinetic 234 parameters which differed from the accurate parameters collected at the first detection axis, kOH,2nd OH and ethane (R6) gives an assessment of any false yields generated from RO2 and NO from 286 prototypical alkyl RO2 species that will be formed from many atmospherically relevant reactions.
287
Ethylene and OH (R7) forms a hydroxy alkyl peroxy radical, the typical RO2 species known to understood reaction; the two isomeric radical products react with oxygen on differing timescales 292 to generate HO2. Complete conversion of both isomers should yield 100 % HO2.
293
As discussed in the experimental section, transport effects after the breakup of the sampling 294 jet mean that rate coefficients measured in the second cell kX,2nd (X = OH or HO2) differ from each 295 other (transport effects scale with mass) and from those made in the first detection axis (kOH,1st).
296
Pseudo-first-order rate coefficients from the two detection axes were compared to ascertain 297 whether measurements in the second detection axes can be used to make quantitative kinetic 298 measurements.
299
Finally, the layout of the apparatus makes it hard to accurately measure the temperature at 300 which the reaction occurs; for reactions occurring on a millisecond timescale, the relevant reaction 
OH + methanol 350
To verify the accuracy of the method for determining HO2 yields the reaction of OH and methanol 351 (R8) was examined. The branching ratio for the abstraction to yield CH2OH (R8a) reported by and is not observed under these conditions. The observed HO2 yield, (87 ± 10)% (first row of When higher concentrations of oxygen are used, the timescale for HO2 production from 364 reaction R10 decreases and now both abstraction channels lead to HO2 detection in our apparatus.
365
The resulting observed yield (second row of accurately assign an expected OH removal rate for reactions observed in the second cell (kOH,2nd)
414
given the observed OH kinetics at the first detection axis (kOH,1st). This is useful to compare the 415 kinetics of OH removal and HO2 production. value above which no increase in measured rate coefficient would be observed. 
Temperature corrections
445
It is difficult to know the exact temperature at the pinhole as introducing a thermocouple close to 446 the region will affect the flows and cannot be used in routine operation. A translatable 447 thermocouple was passed along the axis of the high-pressure reactor over a variety of temperatures 448 and showed that the temperature of the gas at the pinhole varies with axial location. In addition,
449
radial profiles showed that in our system there was insufficient heating length to achieve uniform 450 radial heating of the laminar gas. From the axial measurements it was observed that slower flow 451 rates (< 5 SLM) allowed for reduced axial temperature gradients. However, these measurements
452
showed that the only manner to achieve an even thermal profile would be a static cell.
453
A permanently seated thermocouple was placed perpendicularly to the flow, close to the 454 sampling region, measurements from this thermocouple were then compared with temperature 455 assignments from the reaction of OH and methane using the temperature dependence assigned by 
462
The method to assign a temperature from the reaction of OH and methane used the pseudo- reliably predict the temperature of the reactor within 7 K when measurements have been made 475 subsequently.
476
To assess the axial temperature gradients in the gas sampled through the pinhole over the The branching ratios for the sites of OH attack on n-butanol, as presented in Scheme 2, are of 492 significance to the modelling of the ignition delay times for n-butanol (Agbro et al., 2017) . gives an overall 293 K bimolecular rate coefficient for OH and n-butanol of k1 = (9.24 ± 0.21) × shown in Table 2 . The resulting HO2 yield was determined to be (58 ± 7) % at 266 nm, and (55 ± 535 12) % at 248 nm. As there is no significant variation in the yield with laser wavelength or power,
536
we can treat the data in Table 2 as 12 independent estimates of the yield, giving an averaged HO2
537
yield of 57% with a standard error (95%) of 6%. Therefore under the experimental conditions the first detection axis was no longer well described by a single exponential loss process, Figure   558 10. The non-exponential decays formed were due to OH being returned following decomposition 559 of the β R radical. Biexponential fits to the recycling traces gave the fraction of OH returned 560 (Medeiros et al. 2018) , with an average β branching fraction of (23 ± 4)%, Table 3 . The HO2 yield measured at an elevated temperature (616 K), where OH recycling was also 569 observed, was 54 ± 4 % (Table 3) which is within error of the value (57 ± 6 %) measured at room 
Summary
587
The use of H2O2 as an OH precursor has been shown to provide a reliable method of internally 588 characterizing our system for HO2 yield detection. Interferences that could arise from using this 589 precursor for HO2 detection have been accounted for, and the presence of water that the H2O2 590 precursor introduces has no effect on the sensitivity of the LIF method, unlike IR absorption 591 methods. 
